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According to geological evidence, life arose in the sea approximately
one biUion years following earth formation. A new sea spray model for
the origin of life is developed here to calculate the time of appearance of
the first living cell, termed a protocell. The model proposes that life arose
from sea spray that concentrated organic materials from a dilute
primordial sea, and this spray became suspended in the atmosphere for
several days and dehydrated to the extent of forming polymers which
returned to the primordial sea. Each dehydrated sea spray droplet then
became an experiment or trial of the mixture of biochemical activities
(e.g., enzymatic activities) contained in each droplet. If the dehydrated
spray contains a certain minimal set of essential biochemical activities, and
returns to the ocean intact, it is considered a successful cell in this model
termed the sea spray hypothesis. This work comprises theoretical model
building and estimation of model parameters. The elaboration of this sea
spray hypothesis has been done in probabilistic model terms. A range of
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values is assigned to all model parameters and median values are used to
calculate the time of appearance of the first cell. A critical model
parameter is an estimate of the number of biochemical activities possible
with the organic material captured within a spray droplet. Parameter
studies help to delimit the necessary conditions that may have generated life
on earth under this sea spray hypothesis.
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Prebiotic evolution has been divided by Dyson (1985) into three main
stages: geophysical, chemical and biological. The geophysical stage
concerns itself with the early history of the earth and especially with the
nature of the earth’s primitive atmosphere. The chemical stage deals with
the chemical building blocks of life. The biological stage pertains to the
appearance of biological organization and the building of polymers of
protein or nucleic acid out of a random assortment of amino acids or
nucleotide monomers. Dyson believes that the problem of the origin of life
is the biological stage, the appearance of biological organization out of
molecular chaos.
The process leading to the origin and evolution of life is the result of
the establishment of distinct physical, chemical and biological conditions.
It is generally believed that different processes lead to the formation of
simple organic compounds on the primitive earth. These simple compounds
combined together to give increasingly complex chemical structures until
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the first living cell termed a protocell was formed with the ability to grow
and divide. The synthesis of biologically important monomers is typically
envisioned as taking place in the presence of water, yet this water
environment would hydrolyze proteins or polynucleotides when formed
from their respective monomers. This problem can be demonstrated from
the thermodynamics of dipeptide formation from standard thermodynamic
tables (Lide, 1993-1995):
glycine -i- glycine p. glycylglycine -i- H2O (1)
A G° = -I- 27 KJ mole ' at 37° C
This reaction is not spontaneous due to the positive free energy change
A G°. Therefore, it has to be coupled with another reaction that is
thermodynamically favorable which would liberate free energy, or remove
the water to drive the reaction to the right.
The mechanism responsible for the origin of protocells must have
taken place at such a rate that within no more than approximately one
billion years successful cells were formed. This period should include
enough time for the cells to reproduce at a high enough density to
eventually appear in microfossils (Shopf and Walter, 1983). Success would
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be the formation of a metabolically active cellular entity which is capable
of forming other similar entities. The hypothesis advanced in this work is
that protocells were generated as sea spray suspended in the atmosphere by
winds. The sea spray droplets were dehydrated to the point that amino
and/or nucleic acids condensed into polymer macromolecules. It is
assumed that the sea spray arose from bursting bubbles in a sea of dilute
amino and nucleic acids. A calculation of the probable time of appearance
of successful cells can be performed based on estimated sea spray
production rates worldwide. This sea spray hypothesis is presented in
contrast to the coacervate droplet theory (Oparin, 1920) and to the thermal
proteinoid theory (Fox, 1%5). It explains how cellular components were
packaged into units the size of bacteria, and how dehydration reactions




Informational background for the sea spray hypothesis of the origin
of life requires a discussion of prebiotic physical and chemical conditions.
Prebiotic Physical Conditions
There are several theories that attempt to deseribe the physical
conditions leading to the origin of earth's atmosphere and the events that
took place during the eondensation of cosmic dust and larger objeets into
the earth. These theories differ significantly from each other. At one
extreme, it is believed that the accumulation of material had to be very
rapid so that gravitational energy was released rapidly. This release during
the accretion of material into the earth would have been sufficient to melt
the entire earth, unless this energy was radiated faster than it was released
by the incoming material. At the other extreme theories exist in which the
accretion of material is supposed to have been slow, so that the energy
released could be dissipated by radiation at a rate comparable to energy
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production by incoming material. In this model the interior would have
melted, but not the entire earth (Hart, 1969).
Most opinion favors the model that predicts the entire earth was
molten, and all the organic compounds, both in the interior and on the
surface had been pyrolyzed to an equilibrium mixture of CO, CH^, H2 , N, ,
NH3, and HjO (Anderson and Jordan, 1971). When the earth cooled, the
crust would have formed, and organic compounds would have been
synthesized and accumulated as the average temperature decreased .
Most organic compounds of biological interest such as amino acids,
purines, and pyrimidines are labile and would have been destroyed in the
earth's interior. Eventually, a mixture of CH^, CO2, NH3 , H2O , N2, and H2
would have escaped to the surface and become part of the primitive
atmosphere. Outgassing from the interior is envisioned to have taken place
at mean temperatures between 3(X)°C and 1500°C. Volcanoes are assumed to
have been responsible for most outgassing of the earth. There are
suggestions that volcanoes in the past were much greater in number and
activity than at present (Branzio and Cameron, 1964). However, no
geological evidence exists for this. Geological and geophysical evidence
suggest the composition of the primordial atmosphere contained abundant
hydrogen, so the early earth's atmosphere was reducing.
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Important physical conditions of the ocean environment in which life
arose include volume, pH, and temperature. The volume of the
primordial ocean was less than one-tenth of the contemporary ocean
volume, the remaining nine-tenths of the water was supplied later by
outgassing from the interior (Branzio and Cameron, 1964). Another study
suggested that the volume of ocean increased significantly during the
Precambrian time and approached its present volume at the beginning of
the Cambrian (Wely, 1968).
Two different views of the primordial ocean pH have been
considered. One is that of an initially acidic ocean being neutralized by
cations leached from the igneous rocks of the land by rain. The second,
more popular scenario is that of a slightly alkaline primitive ocean (pH
8-9). This is produced by the interaction of acid volatiles from outgassing
with alkaline components of the predominantly basaltic crust (Alblson,
1966).
The primordial environment has typically been referred to as a
warm, dilute soup of organic compounds. In 1981, Hoyle suggested that the
oceans were warmer than they are now, with an average temperature of at
least 50°C compared to the present day 15°C to 25°C. This physical




Oparin (1920 ) hypothesized that monomer synthesis occurred in the
atmosphere through the action of ultraviolet light and/or electrical
discharge. Monomers were transported to the ocean and were concentrated
in water where they participated over a long period of time in a variety of
mechanisms that led to the eventual production of the first living cell. In
the Oparin hypothesis, the first cellular life was anaerobic and
heterotrophic, which depleted the oceanic store of energy-rich organic
compounds. As a result, life evolved into photosynthetic organisms.
When the early earth was still bombarded by meteoroids and
planetesimals, it was partly molten and subject to an early runaway
greenhouse effect. This made organic compounds unstable at the surface.
The atmosphere would have exhibited large temperature differentials that
would have generated massive convection currents. Winds sweeping the
hot dry planetary surface would have produced violent dust storms that
carried mineral particles high into the atmosphere where they could serve
as nuclei for condensation of water vapor. A thick cloud layer of water
drops containing salts in solution would have veiled the planet. Carbon
dioxide and hydrogen presumably reacted to produce useful prebiotic
materials. Visible light has been considered as the energy source for
prebiotic chemical synthesis (Woese, 1979).
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Scherer (1985) stated that the hypothesis of Woese was not a
reasonable alternative to prebiotic chemistry in the ocean (Oparin
hypothesis) for several reasons. Scherer pointed out that the strong
convection currents in the Woese model would have continuously mixed
stratospheric oxygen and ozone into the lower atmosphere (troposphere).
Biologieal macromolecules produeed in the reflux columns would have
been destroyed by oxidation and ultraviolet radiation after disruption of the
ozone layer. Oxygen is produced in the present stratosphere by
photodissociation of water vapor. However, Kasting and Ackerman (1986)
suggest that the stratosphere of early Earth was very dry with a water
vapor mixing ratio less than 10^ for all reasonable CO2 partial pressures.
Their results predict little production of oxygen through photodissociation
of water. They conclude that this argues against the possibility of an
oxygenic prebiotic atmosphere. Therefore, from this model it can be
assumed that an oxygenated atmosphere would not have existed and
macromolecules would not have been destroyed by oxygen as suggested by
Scherer (1985). However, if there were no ozone layer in the primordial
atmosphere, the atmosphere would have been continuously exposed to
ultraviolet radiation. This would have prevented the long-term existence of
a complex organic compounds in the atmosphere.
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The abiotic synthesis of more complex organic molecules by the
joining together of smaller monomers has been experimentally investigated
under primitive earth conditions. Organic polymers such as proteins are
synthesized by condensation reactions that remove hydrogen and hydroxyl
groups from the monomer and growing polymer chain, forming a water
molecule as a by-product of each new linkage (Equation 1). In the living
cell, specific enzymes catalyze these dehydration reactions. Abiotic
synthesis of polymers would have had to occur without the help of these
efficient enzymes, and the dilute concentrations of the monomers dissolved
in an excess of water would not thermodynamically favor spontaneous
dehydration actions that form more water. Polymerization does occur in
laboratory experiments when dilute solutions of organic monomers are
dripped onto hot sand, clay, or rock; a process that vaporizes water and
concentrates the monomers on the substratum. Using this method,
proteinoids, which are random polypeptides, were produced by abiotic
means (Fox, 1964). Fox also speculated that the primordial soup (the amino
acids and sugars in the early ocean) would make contact with hot lava
causing the amino acids to polymerize. Fox et al. (1970,1971) envisioned a
scheme for the formation of proteinoids and microspheres. Amino acids
with heat will produce polyamino acids or proteinoids. When proteinoids
are placed in a water environment they will form microspheres. These
9
proteinoid microspheres have the ability to retain large molecules. Small
molecules can diffuse into the microspheres and polymerize, the polymer
reactions eventually result in budding of the original microsphere. The
buds then break off and the process is repeated.
Sea water monomer concentration would depend upon the prebiotic
synthesis of amino acids occurring in the primitive ocean. This was
demonstrated by Stanley Miller in 1953 with his fundamental experiment
using prebiotic atmosphere conditions. He found that several amino acids
such as glycine, alanine, and glutamic and aspartic acids, had formed from
electrical discharges. This occurred in a flask into which water vapor,
hydrogen, methane, and ammonia were present. Other compounds that
have been formed in simulated prebiotic conditions are sugars, fatty acids
and other bases that form parts of nucleic acids (Miller and Orgel, 1974).
Surface chemistry may have been important for prebiotic chemical
synthesis. The involvement of surface chemistry, for instance, on clays has
been proposed by Cairns-Smith (1965), to be the first type of self
reproducing life. A clay crystal (using biological analogue) could grow
and reproduce. As a crystal grows, defects might arise. These defects can
result in whole regions of the crystal being defective, and the defects can
carry through the length of the crystal. If the crystal cleaves along a plane,
it is possible for the crystal in essence to reproduce (including the defects).
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This defect reproduction implies that the crystal has information which can
be replicated, and hence is analogous to a biological gene. These crystal
genes could be capable of undergoing mutation by new defects in the
crystal lattice.
Clay, even cool clay, may have been especially important as a
substratum for the polymerization reactions prerequisite to life. Clay
concentrates amino acids and other organic monomers from dilute solution
because the monomers bind to charged sites on the clay particles. At some
of the binding sites, metal atoms, such as iron and zinc, could function as
catalysts facilitating the dehydration reactions that link monomers together.
Clay, having many of these binding sites, could have functioned as a lattice
that brought monomers close together and then assisted in joining them into
polymers. Smith's study of the surface chemistry of clay suggests a role in
polymerization as a catalyst. He then mentioned that polymerization can
occur as a result of the catalyzing electrochemical surface properties of the
clay minerals in combination with cycles of wetting and drying of the
monomers. Some of these biochemical compounds produced would
themselves have been capable of catalyzing even more complex reactions.
According to Smith’s hypothesis (Cairns-Smith, 1965, 1982, 1985) life would
eventually originate through a progression of increasingly complex and
selective organic chemical processes.
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As an alternative to clay, iron pyrite (fool’s gold), which consists of
iron and sulfur, has been proposed as the substratum of organic synthesis.
Pyrite could have catalyzed abiotic synthesis of organic polymers and
provides a charged surface for absorption. Formation of this mineral from
iron and sulfur yields electrons that could support bonding between organic
molecules to form more complex products (Gunter Wachtershaiiser, 1988).
An alternative hypothesis is a sea spray model which states that sea
spray produced from bursting bubbles was suspended in the atmosphere by
winds. These spray droplets dehydrated to a degree that allowed
polymerization to occur. This process is hypothesized to have generated
protocells (Seffens, 1983 and Lerman, 1986). Protocells are primitive cells
containing abiotically produced polymers, not yet capable of precise
functions as contemporary cells. Protocells would be able to maintain an
internal chemical environment different from the surroundings and exhibit
some of life properties such as metabolism and division.
Similarities are noted between Precambrian microfossils, 3.5 to 3.0
billion years old, and dehydrated sea spray concentrated with organic
material (Seffens, 1983). The possibility exists that such microfossils are
the fossilized remnants of ancient sea spray particles enriched with organic
material. The marine bubble bursting process which generates aerosol
spray enriched in organic material is proposed as a source of polypeptide
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and protocell synthesis. As organic compounds formed and accumulated in
the cooling oceans of the Archaean era (2.8 billion years ago) bursting sea
bubbles would concentrate surface active material into ejected droplets of
spray. Those droplets, which became suspended in the atmosphere by
winds, would lose water through evaporation. If this process of
evaporation is given sufficient time, of the order of several days and
depending upon temperature, the dehydration could cause amino and
nucleic acids to polymerize. Each of these dehydrated spray droplets, of
the size of contemporary bacteria, is potentially protocellular and each is
an individual experiment in evolution (Figure 1). Within no more than a
billion years one or many of these protocells could have ended up with a
sufficient mixture of various enzymes to be able to exhibit metabolic and
replicative activities. A most probable time of appearance of successful
cells can be estimated from this hypothesis based on contemporary ocean
spray production rates.
13




MATERIALS AND METHODS OF MODEL CONSTRUCTION
This work comprises theoretical model building and estimation of
model parameters. The sea spray model developed here estimates the
expected number of activities (enzyme, ribosome, or other) in a spray
droplet. With an estimate of the number of droplets produced, a
probability model for the appearance of a successful protocell can be based
on the expected number of activities in the droplets. If the calculated time
of appearance is realistic, then the model is a possible explanation of how
molecules become packaged into components the size of bacteria which
developed into living cells.
The calculation of the time of appearance of cells can be formulated
using eleven model variables (Figure 2). The model building process
includes the following calculations: (1) number of polymers per droplet,
(2) number of activities in a protocell, (3) probability that a protocell
contains at least one subset of required activities, (4) sea spray production
rate, and (5) expected time of appearance for the first protocell. The model
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Figure 2: Sea spray model outline
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input variables includeidroplet radius, monomer concentration, monomer
enrichment factor, monomer to polymer fraction, polymer length, and
fraction of polymers with activity. A probability model of protocell
success is constructed using total activities, required activities, and
number of other good sets of required activities. The spray production
rate is established from current sea spray production rates and an estimate
of the fraction of spray expected to land back upon the sea.
An analysis of errors arising from these parameters helps to delimit
the conditions that generated life on earth under this sea spray hypothesis.
The sea spray hypothesis model contains a number of parameters from
which a time of appearance of a successful first cell can be calculated.
Each of the parameters can be assigned a range of realistic values. Values
for these parameters are either obtained from literature data or estimated
based on reasonable arguments. Computed values of the time of
appearance can be plotted as a function of the varied parameters for all of
the other fixed parameters (Figure 3).
For parameters that are based on earth values, a time of appearance
of less than one billion years is sought. Parameters can be varied to
determine their effect upon the calculations of the time of appearance, and
to find a parameter set that satisfies the geologic record.
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Figure 3: Estimation of model parameters based on expected
outcome (time of appearance)
EH] Appearance within this period of time is
geologically reasonable
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Model calculations were performed using Mathematica (Wolfram
Research, Inc.) on an IBM 486 hardware platform under Windows NT
operating system. References to parameters and functions of the




The following sections explain each model parameter and how
values are assigned, beginning with sea spray droplet radius and concluding
with a probable time of appearance of a protocell. The model estimates
the number of organic monomers per droplet, the number of activities in
each droplet, the probability of a successful protocell, and consequently the
expected time of appearance of a protocell. Table I (at the end of this
chapter) presents a summary of all parameters and their estimates used in
the sea spray model.
Parameter estimates
Droplet Radius
Contemporary aerosols of the undisturbed marine environment are
composed of sea spray, tropospheric particles, and mineral dust with a
spectrum of radii (droplet radius) larger than 20 microns spanning to
smaller than 0.03 microns (Toba, 1965). The sea spray component of
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tropospheric particles is present only within the lowest kilometers above
the sea surface, and with the exception of particles larger than 10 microns
(pm) have lifetimes of about 3 days (Junge, 1972).
From oceanographic data sea spray has a statistically normal
distribution of sizes, which become smaller after dehydration occurs (Jin
Wu, 1981). Droplet radius is mostly in the range 15 to 25 pm, and has a
mean value of 20 pm. "Droplet volume " is equal to (4/3 %) multiplied by
the "droplet radius " cubed. "Droplet volume " is needed to calculate the
"number ofmonomers per droplet ".
4 ,
Droplet volume = ^ D r
= I n ( 20 p X 10-^ )'
= 3.4 X 10-* cm^
Monomer Concentration
Surface active organic materials in the sea tend to concentrate at the
surface due to the hydrophobicity of the organic materials. Bubbling air
through water causes surface active materials to be stripped from the
surface and carried into the atmosphere upon bubble bursting (Figure 4).














Figure 4: Mechanism of bubble bursting
material into ejected spray droplets. The concentration of organic material
in spray has been measured to be greater than the content in bulk sea water
(Blanchard, 1974). In this model organic material that can participate in
polymerization reactions are labeled as monomers. Primordial sea water
monomer concentration depends upon the prebiotic synthesis of amino
acids. This synthesis was demonstrated by Stanley Miller in 1953 with his
fundamental experiment using prebiotic atmosphere conditions. He found
that several amino acids such as glycine, alanine, and glutamic and aspartic
acids, had formed from electrical discharges in a flask into which water
vapor, hydrogen, methane, and ammonia were present. Other compounds
that have been formed in simulated prebiotic conditions are sugars, fatty
acids and other bases that form part of nucleic acids (Miller and Orgel,
1974). The concentration of compounds that could be labeled as monomers
in Miller’s experiment was typically 10'3 M (MiUer etal.y 1974). This
concentration probably represents an upper limit because the electrical
discharges were done in a closed system; whereas the ocean is practically
an open system thermodynamically. Another estimate for the
concentration of organic material is suggested by Miller and Stribling
(1987) to be lO’'^ M. For the model the number 10“^ M will be considered
as a lower estimate. Thus, with an estimated range of 10'^ M to 10'3 M, the
mean value would be 6 xlO'^ M. The statistical distribution of the error is
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not known, but will be assumed to be a normal error of ± 4 x 10*4 m .
Monomer Enrichment Factor
This parameter is used to calculate the enrichment of organic
material in each spray droplet. Enrichment of organic material in jet or
rim droplets is attributed to the bubble bursting mechanism (Figure 4).
Each chemical compound has some enrichment factor depending mostly
upon it’s hydrophobicity. Dissolved organic carbon, carbohydrates, and
adenosine triphosphate are significantly enriched in the upper 150 pm
surface layer compared to subsurface water, with mean enrichment factors
being 1.5, 2.0, 2.5, respectively (Sieburth et aL, 1976). From the above data,
the factor 1.5 is considered as a lower estimate, 2.5 as an upper estimate,
and hence 2.0 as the mean value in this model. The statistical distribution
of the error is not known, but will be assumed to be a normal error of ±
0.5.
The "monomer concentration " times it's "enrichment factor" gives
the concentration of monomers in each droplet. The number of
"monomers per droplet " can be obtained by multiplying the " monomer
concentration " with "droplet volume " and "Avogadro's number". The
number of monomers in each droplet can be calculated using the mean
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values of the parameters above.
Concentration of monomers in each droplet = monomer concentration x enrichment factor
= 6xlO^M X 2
= 1.2xlO''M
Number ofmonomers in each droplet = concentration of monomers in each droplet x
droplet volume x Avogadro's number
= 1.2xlO-^M x(10-M/cm")x 3.4x10-*cm"
X 6.02 X 10"" molecules / mole
= 2.4 X 10'° monomer molecules
This large number of compounds may participate in polymerization
reactions as the droplet dehydrates in the atmosphere.
Monomer to Polymer Fraction
Polymerization of monomers is hypothesized to take place in this
model when sea spray suspended in the atmosphere by winds is dehydrated
to the point were amino acids and/or nucleic acids condense into polymer
macromolecules. These polymers have been prepared in the laboratory by
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heating suitable proportions of amino acids under simulated prebiotic
conditions. These thermal proteinoids were found to have many of the
properties of proteins (Fox, 1964). Typical reaction conditions are 170°C
for 6 hours, yet the minimum temperature for polymerization within hours
can be lowered to 65°C by addition of phosphate to the reaction mixture
(Fox, 1965). Yield of proteinoids depends on conditions of the reaction and
degree of purification of product, these typically range between 5% and
40% (Fox, 1965). These polymers which resemble contemporary protein
are considered as a model for prebiotic proteins. In the sea spray scenario,
approximately three days is allowed for polymerization to occur. The
temperature in the atmosphere could be greater than the ocean temperature
which would also encourage polymerization. The temperature profile of
the current atmosphere over water has been modeled with AT « log Z
( 0 < Z < 38 m ), where Z is the height above the ocean surface in meters
(Sutton, 1953). The sign and magnitude of the temperature gradient over
the ocean are mainly determined by the character of atmospheric
circulations and ocean currents (Sheppard, 1947). This differs significantly
from that over land due to differences in radiation behavior (Sutton, 1953).
Therefore, it is possible that the primitive atmospheric temperature was
above the boiling point of water in the regions where spray droplets would
be suspended.
26
The lower estimate for " monomer to polymer fraction " is 0.05, the
upper estimate is 0.4, and the mean value is 0.2. The statistical distribution
of the error is not known, but will be assumed to be a normal error of
+ 0.17.
Polymer Length
The production of small peptides from amino acids in aqueous
solution has been reported by a number of laboratories. Only the thermal
methods (Fox and Dose, 1972) have yielded, under simulated geological
conditions, polymers of amino acids that (1) contain all the amino acids
common to contemporary protein, (2) possess an array of catalytic activities
and, (3) have mean molecular weights of 3000 to 10,000 dalton (Fox and
Harada, 1960). That molecular weight range would represent polypeptides
with 30 to 100 amino acids. Polymer length (molecular weight) has a
significant role in constituting enzymatic activity. The activity of
proteinoids increased in proportion to their molecular weight (Krampitz
and Fox, 1969).
A study by Wetlaufer (1981) on protein folding has shown that at
least 20 to 40 amino acid residues are required to form a stable folded
structure. Therefore, thermal proteinoids in the size ranges of 30 to 100
amino acids can be expected to have secondary structures that could have
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enzymatic activity. The lower estimate in this model for polymer length is
30 amino acids (a.a.), the upper estimate is 100 a.a., and the mean is 65 a.a..
The statistical distribution of the error is not known, but will be assumed to
be a normal error of ± 35 a.a.. •
"Monomer to polymer fraction " and "polymer length " are used to
calculate the number of "polymers per droplet ", which is equal to the
number of" monomers per droplet " multiplied by "monomer to polymer
fraction" and divided by "polymer length". Using mean values the
expected number of polymers per droplet in this model is:
polymers per droplet
monomers per droplet x monomer to polymer fraction
polymer length
_ 2.4 X 10'° monomers x 0.2
65 monomers
= 7.4 X lO’ polymers
Fraction of Polymers with Activity
This parameter estimates the enzymatic activity resulting from a
collection of random polymers. When the droplets containing polymers
return to the ocean surface after several days in atmospheric suspension, an
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inward diffusion of water and organic molecules will occur until
equilibrium isotonic conditions are reestablished (Erikson, 1960), The
droplets now would behave as an emulsion with a surface-active
membrane. Enzymatic activity could then start depending upon the
presence of enzymatic polymers.
Enzymatic activity within the droplets could be caused by amino acid
polymers (enzymes), nucleic acids polymers (ribozymes), or some other
repeated stmcture such as clay or minerals. The calculations in this model
development are based on amino acid enzyme activity due to the greater
knowledge of protein chemistry. The basis of this sea spray model is
invariant with respect to what is causing the activity within each droplet.
Therefore, with sufficient knowledge of ribozyme chemistry, this sea spray
model could be reformulated to consider an RNA origin of life.
In order to determine the parameter "fraction with activity", the
probability that a randomly chosen sequence of amino acids has enzymatic
activity must be determined. Estimates range from 10‘20, if lo residues are
essential (Hoyle, 1981), to 2.1 x 10-65, based on sequence variation in
cytochrome c (Yocky, 1977). The action of cytochrome must be very
specific to prevent damage to the cell from side reactions. Therefore the
function of cytochrome c would be a poor choice as a model of typical
enzyme functioning.
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Thermal proteinoids have been prepared experimentally and
compared to pure enzyme (Rohlfing, 1967). The proteinoid experiment
measured the catalytic activity of decarboxylation of oxaloacetic acid (OAA)
by thermal proteinoids (polylysine) to be 0.3 pmoles of COj produced
/ min./ mg. of polylysine. Approximately 300 {imoles of COj are
produced/ min./ mg. of proteins in the case of the enzyme decarboxylase.
This indicates that activity in the case of decarboxylase is a thousand times
greater (300/0.3 = 1000) than the activity of proteinoids on a weight basis. If
the thermal proteinoids have the same molecular weight as the native
enzyme , then Rohlfing data suggests that only one in a thousand proteinoid
molecules had activity for OAA. Hence "Fraction of polymers with
activity" could be 0.001. This may have been a common or easy to find
enzyme type in the random thermal proteinoids. Assume that rarer
activities are lO** less frequent than common activity (decarboxylase) for
the sake of argument.
The "fraction of polymers with activity " is a significant parameter
in the sea spray model as it specifies the number of enzymatic activities
present in the droplet. In this regard this study considered the three values
of the parameter estimate 10-3, io-5, iQ-'l (upper, middle, and lower,
respectively).
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"Fraction ofpolymers with activity " is used to calculate "activities
per droplet " by multiplying the fraction with the number of "polymers
per droplet ". Results show that each value of these three estimates has
large effects on the number oi'.'activities per droplet ". As shown in the
next calculation, using the three different estimates for this parameter (10-3,
10-5,10-7) resulted in a wide range of values for the number of activities
per droplet (7.4 x 10^, 7.4 x 102, and 7.4, respectively). The calculations
for the time of appearance in this model use the middle value.
Activities per droplet = fraction of polymers with activity x polymers per droplet
= lO"* X 7.4 X lO’ polymers
= 7.4 X 10* activities
To estimate a time of appearance of a protocell it is necessary to
calculate the probability of finding a successful cell given the number of
activities in a spray droplet. A probability model can be constmcted that
considers some set of required activities necessary for "success". Success
here means a protocell able to perform life-like properties including
growth and division. The required activities is a subset of all possible
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activities. The number of members in this required set is labeled "required
activities". The number of all possible activities is labeled as "total
activities ".
Total Activities
This parameter is defined as the sum of all possible activities,
resulted from thermal polymerization, that could be found in the droplet.
The first enzyme commission (E.C.) in 1961 described a system for
classification of enzymes that also serves as a basis for assigning code
numbers. These code numbers are fixed by the EC and contain four
elements separated by periods. The first number shows to which of six
main divisions the enzyme belongs. The main divisions are
oxidoreductases, transferases, hydrolases, lyases, isomerases, and ligases.
However, this system does not allow estimation of the total number of
possible enzymes. Since this system does not help in the estimation, the
next two figures (Figure 5 and 6) are constructed to allow an estimation of
the total possible enzymes in a protocell.
Superimpose possible chemical compounds that could participate in
at least one biochemical transformation onto a multi-dimentional grid or
lattice. The structure and composition of each chemical compound locates
a discrete site on the lattice (Figure 5A). Enzyme activities acting upon
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Figure 5: Chemical compounds that could be transformed by
enzymatic activities to each other
A) Formula of chemical compounds that could
participate at least in one chemical transformation
B) Enzymatic activities superimposed as chemical
































chemical compounds can be diagrammed as arrows on the lattice (Figure
5B). Each arrow represents a distinct enzyme activity and can be uniquely
labeled by the two lattice sites they connect. This representation of enzyme
activity is adequate for reactions with one product and one reactant.
Superimpose one of these substrates onto a grid (Figure 6). Substrate A
could have up to eight different enzymes (transformations). The total
number of possible enzymes is equal to the number of possible substrates
multiplied by the number of transformations for each substrate, divided by
two since Egi, = E^a- The number of substrates in the primordial
environment depends on the number of carbons atoms contained in the
primordial molecules. If the prebiotic molecules had less than eight
carbons, then the number of possible substrate molecules is about 10,000
(Lide, 1993-1995). Eight possible transformations are expected in this model
for each substrate. Therefore, the total number of enzymes would be
equal to 10,000 x 8/2 = 40,000 (upper estimate). If prebiotic molecules had
less than six carbons, then the number of substrate molecules would be
approximately 5000. Therefore, the total number of possible enzymes
would be equal to 5000 x 8/2 = 20,000 (lower estimate). Thus, with an
estimated range of 20,000 - 40,000, the mean value would be 30,000. The
statistical distribution of the error is not known, but will be assumed to be
a normal error of + 10,000.
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Figure 6: A method for counting activities showing four















Enzyme Nomenclature Based on Substrate and Product Only
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Required Activitips
This parameter counts the activities needed for metabolism and
replication which are essential for a successful protocell. Several studies
using different lines of reasoning have suggested that the first cell could
have needed a very small number of activities.
A computer simulation study quantified the effect of fluctuations,
mutations, and cell death by molecular accidents (Niesert et.al., 1981 and
Niesert, 1989). The study suggests that life started out with primordial
compartments (protocells) containing no more than three genes. A
“package model” was introduced that described the preservation of genetic
information by primordial cells (compartments). Packages were defined as
small compartments in the primordial soup enclosing a few RNA molecules
and a few polypeptides. Each viable package contains a complete set of
unlinked genes with different numbers of copies. Two molecular accidents
endanger the informational accuracy in the package; fluctuation due to the
stochastic distribution and mutation due to error-prone replication.
Occasional fission of the package is due to unspecified physical forces, and
the contents are randomly distributed to the daughter packages. This study
neglected the mechanism of translation, so the number of genes in the
protocell would be larger than three.
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Studies of the computer Game of Life indicate that a very small
number of rules can give rise to complex and growing structures (Conway
et al., 1982). If each computer rule needs only a small number of
biochemical activities to encode the rule, then the total number of required
activities in a protocell can be small. Three pathways encoding catabolism,
anabolism, and division are considered for a protocell that would be life¬
like and labeled a success in the probability model. If only a few activities
are needed for each pathway, and all three pathways are equally complex,
then each pathway will require an equal number of activities. Since the
first organism was unicellular, not complicated, and could be very
inefficient, it is assumed in this model that 7 activities are needed for each
pathway (catabolism, anabolism, and division). This makes a total number
of 21 required activities.
A recent study (Fraser et al., 1995) done on a bacterium called
Mycoplasma genitalium, which has one of the smallest genomes of a free
living organism, is useful as a model minimal cell. M. genitalium is a
facultative anaerobe that exists in parasitic association with epithelial cells
of primates. DNA sequencing of the genome of this organism revealed the
near-minimal set of genes necessary for survival. The study of M.
genitalium has shown that this organism has 482 genes. It is estimated that
it’s minimal translation pathway requires nearly 90 different proteins.
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while the complete DNA replication process requires only about 30
proteins. The organism uses many of the 482 genes for invading the host.
Presumably due to the parasitic life style of M. genitalium, it has only 44
genes associated with metabolic pathways. Therefore, the three essential
model pathways (catabolism, anabolism, and division) in this organism
requires a total of 164 genes. The first cell could have had much lower
number of required activities than this number.
The parameters "total activities " and "required activities " are used
to calculate the probability of finding the set of required activities in a
droplet. The probability of finding this set in a compartment (droplet) can
be estimated from the following probability model. Consider a box that
contains X numbered balls, any ball can have a number from 1 to Y. We
need to find the probability that the box contains at least one ball of each of
the set of numbers (Ni, N2, Nw, where w is the number of elements
in this set.). This model is known in physics as a Boltzmann-Maxwell
probability model. There are a total of y^ different configurations. A
combinatorial argument shows that for each of W given activities to be














Where kindex is a summation index integer,
X = activities per droplet
Y = total activities
W = required activities
These conditions are necessary:
a) X >
b) Y>>w
c) (Ni, N2 Nw) are non- repeated integer labels.
In other words, consider that a successful protocell must contain a specific
unique subset of required activities out of a total number of possible
activities. The subset of required activities is a unique minimal list of
numbers that can range from 1 to "total activities". The "required
activities " allow for metabolism and replication essential for a successful
protocell. Each required activity is represented at least once in the
successful droplet.
Small values of X and Y can be examined to verify equation (2).
The probability can be calculated from constructed tables using these small
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values of X and Y. The probability counted from tables should equal the
probability calculated from equation (2). For X = 2 and Y = 5, all the
possibilities of two activities labeled one through five can be listed as in
(Figure 7a). Success occurs when at least one specified number or set of
numbers appear within a collection. The specified number in this example
is considered to be (1). For W = 1 only one required activity is needed,
which is the number "1" in this example. The probability of finding one
required activity in the droplet (W = 1) is equal to all collections that
contain the number "1" divided by the total number of different collections
(Figure 7b). In this case, the probability is equal to 9/25. Using the same








This supports the veracity of equation (2). When W = 2, only two required
activities are needed, which are "1" and "2" for this example. Again,
two activities are taken at a time (X = 2) from 5 total possible activities (W =
X in this example). The probability of finding two required activities in
the droplet with labels "1" and "2" in this example is equal to all collections
that contain the number "1" and "2" divided by the total number of
different collections (Figure 7c). The probability is equal to 2/25 in this
case. Again, using these values in equation (2) yields the same probability.
Hence, equation (2) is tme for small values of X, Y, and W.
In the special case where “activities per droplet ” equals “required
activities ” (X = W), a limiting case equation can be used as a verification
for equation (2) for large numbers. This was found by inspection of the
small number cases as follows:
When X = W , the probability is equal to (X!) divided by ( y^ ).
P=x!/yx (3)
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Figure 7: All the possibilities of two activities labelled one through
five
A) Combinations of numbers for X = 2, Y = 5
B) Combinations of numbers for X = 2, Y = 5, W = 1
C) Combinations of numbers for X = 2, Y = 5, W = 2
A)
11 21 31 41 51
12 22 32 42 52
13 23 33 43 53
14 24 34 44 54
15 25 35 45 55
B)
11 21 31 41 51
■”
12 22 32 42 52
13 23 33 43 53
14 24 34 44 54
15 25 35 45 55
C)
11 21 31 41 51
12 22 32 42 52
13 23 33 43 53
14 24 34 44 54
15 25 35 45 55
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For X = 2 W = 2 Y = 5
P = 2! / 52 = 2/25
When large numbers are used for X, Y and W in equation (3) and
similarly in equation (2), identical probabilities are obtained. Hence,
equation (2) appears valid for large and small values of X, Y, and W
The probability equation (2) is based on the assumption that aU
activities are equally probable. In other words, the dehydration reactions
in the droplets yield polymers with random and equally probable activities.
In a more elaborate treatment this assumption should be replaced with a
probability function for each activity. This would involve replacing the
parameter "fraction with activity " with "fraction with N activity ", where
N spans one through "total activities " .
Using equation (2) the probability calculation would be equal to
1.2 X 10'34 using the values 10‘5 for "fraction with activity", 745 for




Number of Good Sets of Required Activities
This parameter accounts for other possible successful (good) subsets
of required activities. The previous probability calculation (Equation 2)
considered only one subset of required activities out of the total number of
possible activities for success. The function "one good set" is the
probability of finding the subset of required activities in the collection of
activities per droplet. If there exists some number of alternative successful
subsets, then the probability of a protocell to contain at least one of the
successful subsets can be obtained by multiplying the "number ofgood sets"
by the probability of obtaining just one good set. Assuming that 0.1% of
aU possible activities could be utilized for alternate metabolic pathways,
then, 0.1% of 30,000 (total possible activities) would be 30. Thus, there
would be 30 alternative sets of activities that could produce a successful
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cell. These alternate sets would represent different ways of forming
metabolic (or even division) pathways from all possible activities.
Number of good sets = total activities x 0.1%
= 30,000 X 0.001
= 30 sets
Probability of all good sets = probability of one good set x number of good sets
= 1.2 X 10"^ X 30
= 3.46 X 10"”
In a statistical treatment, the product of the number of trials (before
the appearance of the first successful protocell = "total production") and
the probability of success at each trial ("a// good sets") is equal to the
Poisson parameter "lambda ". For a probability level of 0.95 of finding at
least one success among the "total Production" trials, lambda is equal to 3.0
(Daniel, 1991). In other words, if an event occurs at a certain frequency
and is expressed as one out of a certain number of trials, then in order to
be 95% confident that the event will be observed in a set of trials, one must
examine three times the number of trials represented by that frequency.
Therefore, "total Production " is equal to "lambda " divided by "all good
sets ". Total production represents the number of spray droplets needed to
45
be produced in order to be 95% certain that at least one of the droplets
contain a required subset of activities to exhibit life-like properties.
X




= 8.66 X10^^ droplets
Spray Production Rate
The spray production rate from whitecap bubbles has been estimated
to be IQIS to 10^0 per second over the ocean worldwide at present time
(Macintre, 1972). The primitive atmosphere probably had higher
temperatures and consequently greater winds than now (Hoyle, 1981).
Therefore, the "spray production rate" could be higher than 10^0 per
second, such as 1022. Considering this, 10^2 spray droplets per second will
be assigned as an upper value, iQl^ per second as a lower value, and 1020
per second as mean value. The statistical distribution of the error is not
known. In order to get the "primordial production rate" multiply
"production rate " per second by the number of seconds per year.
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Current production rate = 10“ spray droplets / sec.
Primordial production rate = current spray rate x number of seconds / year
= 10^'^ X 60 X 60 X 24 X 365.25
= 3.16x10^ spray droplets / year
Productive Fraction of Sorav
This parameter represents the fraction of spray droplets which
follow a productive scenario or trajectory that could lead to a successful
protocell. Sea spray droplets are either blown out over land or return back
to the ocean. Return to dry land would be non-productive. The lower and
upper estimates for this parameter are 0.1 and 0.9, respectively, making a
mean value of 0.5 and an estimated normal error + 0.4. Therefore, 50% of
the droplets would go through a scenario or trajectory that could have
produced successful protocells.
The "productive fraction " is used to get the "spray production rate "
which is equal to the primordial "production rate" multiplied by the
"productive fraction ", "Spray production rate " represents the number of
droplets generated per year. Using mean values in the model spray
production rate is equal to:
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Spray production rate primordial production rate x productive fraction
= 3.16x10-'' X 0.5
= 1.58 X 10"^ droplets / year
Time of Appearance
The time scale for the origin of life is derived from geological data
of several authors. The earth was formed from a diffuse cloud of cosmic
gas and dust about 4.6 x 10^ years ago (Papanastassion et al., 1971). The
earth was estimated to be an inhospitable place for the first 0.4 to 0.6 x 10^
years such that no organic chemistry could have occurred until about 4.0 to
4.2 X 109 years ago after the earth crust had formed (Ernst, 1983). On the
other hand, the fossil record support the existence of cellular life by 3.6 x
10^ years ago (Buick, 1981). So, the time window from organic biogenesis
to the formation of the protocell, can be taken to be about 0.4 x 10^ years
(Joyce, 1989).
Another estimate for the origin of life calculated by Walter (1983)
finds that the oldest rocks which provide clues to life are 3.6 x 10^ years
old. The earth was formed 4.6 billion years ago and life had already been
established before 3.6 billion years ago. This leaves a period of less than a
billion years for the appearance of life.
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"Time of appearance " is equal to "total production " divided by
"spray production rate ", which is as a result of all the above calculations
using mean values is equal to:





= 0.55 X 10* years
This is the number of years of spray generation required to give a
95% certainty of finding at least one successful protocell. Table (I) is a
summary of parameters and their mean values used in the model.
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The sea spray hypothesis for the origin of life has been developed
with a mathematical model based on biophysical principles. In this work
we have examined several parameters that may have been involved in the
appearance of the first living cells termed protocells. Sea spray model
results show that errors in estimates of four parameters greatly influence
the expected time of appearance of protocells. These parameters with large
errors are Monomer concentration ", "Fraction with activity ", "Total
activities ", and "Required activities ". Varying each of these parameters
has large effects on the calculated time of appearance based on the sea
spray hypothesis.
"Monomer concentration " in the primordial sea has a direct and
linear role in the formation of activities within droplets. The sea spray
model used monomer concentration levels of 10'4 to 10'3 M (Miller et al.,
1974, 1987) for the primordial sea. If the concentration were lower than
10-4 M there would not be a sufficient number of polymers formed. So,
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few activities would be found in each droplet. It would then have taken
more than a billion years to find the first successful cell.
A possible solution for the dilute primordial soup problem would be
that small numbers of polypeptides were formed in spray droplets, but a
second round of sea spray generation is necessary. Upon return to the sea,
the original dehydrated droplets would burst, releasing the polypeptide to
the ocean. Because the polypeptides would be expected to be even more
hydrophobic than the original monomers, the "enrichment factor" would
be very large. Hence, polypeptide concentrations would increase in the
ocean where upon they would then be efficiently concentrated into new
ejected spray droplets.
A critical model parameter is the estimate of enzyme activities
possible with the organic material captured in a spray droplet. Based upon
the size of a spray droplet, an estimate of the organic content of the
primordial ocean, and enrichment factors due to spray droplet production,
an estimate of the amount of organic material in one droplet is possible. If
a certain percentage of the organic material is amino and nucleic acids,
under proper conditions they may polymerize into random polymers of a
certain number and size distribution. By estimating the chance that a
random polypeptide possesses enzymatic activity toward any possible
substrate, the number of enzyme activities in a droplet can be found. The
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activities in this model could be attributed to enzyme activities, or metal
ion activities, or clay surface activities or any other type of activity.
Protocell success is estimated by considering the number of
enzymatic activities possible from the amount of organic material present
in a dehydrated spray droplet. The number of activities in the protocell
has been calculated from the fraction of polymers that are expected to
possess some enzymatic activity from "fraction with activity" with a range
of values from 10-3 to IQ-'i. The error in this parameter is very large and
highly asymmetric. Therefore, three values of this parameter were
individually considered. Using a parameter low value of lO-’^ the expected
number of activities per droplet becomes 7.4. Using a parameter middle
value of 10-5 gives 7.4 x 102 activities per droplet. Finally, using a
parameter high value of 10-3, gives 7.4 x 10^ activities possible in each
droplet. Accordingly, a high value for this parameter would imply that the
first cell would be more probable and hence would be expected to appear
sooner.
The probability of finding a successful cell has been calculated”
using activities per droplet and the two parameters “total activities” and
“required activities ”. The logarithm of the probability from equation (2) is
plotted in figure (8) for a fixed total activities equal to 30,000. Two values
for required activities are used (9 and 21). The figure shows that as the
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number of activities per droplet increases, the logarithm of the probability
level also increases. This indicates that the higher the number of activities
per droplet, the higher the probability of success. The figure also exhibits
the relationship between required activities and the logarithm of the
probability level. When the number of required activities increases the
probability of success greatly decreases. This reveals that small numbers
of required activities is more favorable for success in this model.
The sensitivity of equation (2) to required activities is shown in
(Figure 9) at probability level of 10 . The value 10' was selected to
examine the behavior of equation (2) and yields an expected time of
appearance of 6 million years. As the number of required activities
increases the number of activities per droplet must also increase for a
constant probability level. The activities per droplet decreases rapidly for
small values of required activities. For smaller numbers of required
activities (< 20), the curves corresponding to different values of total
activities converge. This implies that equation (2) becomes insensitive to
the total activities parameter when the required activities parameter is
small (Figure 10). This can be seen by plotting activities per droplet as a
function of total activities in figure (10). The slope of the lines representing
different required activity values is nearly constant compared to the steep
slopes in figure (9). In other words, total activities has a negligible effect
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Probability = 10 -36
Required Activities
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on the needed activities per droplet when required activities is small.
Hence, errors in the estimate for total activities do not influence the model




The sea spray hypothesis for the origin of life developed here
predicts: 1) number of monomers collected from a dilute primordial sea
into aerosol, 2) number of polymers which may be found in a first cell, 3)
probability of success for a dehydrated droplet to exhibit life-like
properties, 4) the size of protocells as being the same as contemporary
bacteria, 5) the rate at which protocells were produced, and finally, 6) the
expected time of appearance of the first successful cell.
The sea spray model is the first model that calculates the time of
appearance of the first cell. The results of the calculations gives a time of
appearance of 0.55 x 10^ years. This period does not include the time for
the first cell to reproduce and eventually appear in the microfossils.
Evidence from microfossils demonstrates that bacteria-like life was present
within a billion years after earth formation. Since the time of appearance
from the model calculations is within the time estimated from geological
records, the model supports a plausible hypothesis.
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